A combination of functional studies on human papillomavirus (HPV) oncoproteins and epidemiological studies on persistence of HPV infection firmly established a role for HPV in the etiology of cervical cancers. Understanding the viral life cycle of HPVs has been more difficult. In this issue of Genes & Development, describe an efficient method to propagate infectious HPV in differentiating epithelium, providing clear evidence for temporal separation of viral and cellular replication.
Propagating HPVs in culture
Full-length human papillomavirus (HPV) genomes were first molecularly cloned in the early 1980s (for review, see de Villiers et al. 2004 ). Transfection of their circularized genomes into primary human keratinocytes (PHKs) resulted in very limited replication, and cells that maintained episomal HPV were at a growth disadvantage compared with PHKs that either lost the viral genome or cells in which the HPV genome integrated into host chromosomes (Mungal et al. 1992) . Examination of the patterns of viral gene expression in naturally infected tissues-i.e., plantar warts, condyloma, and cervical intraepithelial neoplasias (CIN)-provided a likely explanation (for review, see Baker 1993) . Whereas some of the early genes-E6, E7, E1, and E2-were expressed in undifferentiated basal and suprabasal cells, transcription of other early genes, E1^E4, and the viral capsid genes, L1 and L2, were restricted to the more differentiated peripheral layers of the epithelium, as was HPV DNA amplification.
Adaptation of organotypic culture techniques, also known as rafts, provided the basis for propagation of HPVs, and steady improvements in methodology have resulted in efficient propagation of HPV viruses. Briefly, fibroblasts are mixed into a collagen matrix; PHKs are seeded on top of the matrix and grown to confluence, and when the structure is lifted to an air-liquid interface, the PHKs differentiate to form a full-thickness stratified epithelium. This approach was initially used to study the phenotype of HPV immortalized cell lines (McCance et al. 1988; Blanton et al. 1991) and the contribution of the immortalizing genes E6 and E7 to growth deregulation (Blanton et al. 1992; Halbert et al. 1992; Cheng et al. 1995) . In a few cases, cell lines were established from CIN lesions that harbored episomal HPV genomes, and these lines-e.g., W12 and CIN-612-allowed viral amplification and packaging when grown in organotypic cultures (Stanley et al. 1989; Sterling et al. 1990; Bedell et al. 1991) . The yield of virus per CIN-612 raft culture was high, and the virions obtained from these cultures were able to infect keratinocytes, although infection of established cell lines such as HaCaT was much more robust than infection of primary keratinocytes (Ozbun 2002) . More efficient methods to transfect PHKs with HPV genomes and modifications to the organotypic culture conditions provided the first opportunities to propagate wild-type and mutated HPV genomes, thus opening the door to papillomavirus genetics (Dollard et al. 1992; Meyers et al. 1992) . The ability to generate HPV16, HPV18, and HPV31 virions in organotypic rafts from transfected DNAs templates has been previously shown (Frattini et al. 1996; Meyers et al. 1997; Flores et al. 2000) . These studies have allowed for genetic analyses of HPV functions during the viral life cycle, although the yields of virions from stably transfected cells are low. Introduction of adenovirus recombinants encoding the HPV genome flanked by lox P sites plus Cre recombinase into PHKs grown in raft cultures also provided a means to produce infectious HPV virions (Lee et al. 2004) .
In parallel efforts, other groups took the approach of generating high-titer pseudovirus by transient cotransfection of 293 TT cells with plasmids that expressed marker genes along with codon-modified versions of the HPV capsid genes (Buck et al. 2004 ). This method was extended to package intact HPV genomes (Pyeon et al. 2005) . As with the virions produced in organotypic culture, these pseudoviruses, or ''293 packaged HPVs,'' efficiently infect a variety of established cell lines, even mouse cervical epithelium in vivo (Roberts et al. 2007 ), yet only poorly infect PHKs.
The accompanying study by Wang et al. (2009) describes a new, improved method for generating infectious HPV virions. Cotransfection of PHKs with a plasmid containing the HPV18 genome into which lox P sites and the neomycin-resistance gene were inserted into the viral noncoding region, along with a plasmid containing a NLS-tagged Cre recombinase, resulted in efficient establishment of cells harboring 2000-5000 copies of the HPV18 genome. HPVs normally infect basal keratinocytes, likely at sites of wounding, providing an environment that allows the establishment of episomal DNA at ;50 copies per cell, which is also seen in the stably transfected PHKs. The superphysiological levels of HPV plasmid obtained in this system may influence viral replication and assembly. When 2.5 3 10 5 of the G418 selected PHKs were grown in organotypic culture, viral yields of ;3 3 10 8 to 5 3 10 8 were obtained. What is most striking, and in contrast to other studies, virions obtained from these cultures efficiently infected PHKs at a multiplicity of infection (MOI) of <50, resulting in expression of spliced viral mRNAs and induction of host cell DNA synthesis. The improvement in infection of PHKs remains unexplained. Wang et al. (2009) postulate that differences in the maturation of viral particles in vivo, compared with the maturation step of pseudoviral capsids in vitro (Buck et al. 2005) , may be the explanation, yet this does not explain why virions obtained from other organotypic cultures infect PHKs so poorly. Other factors such as viral type (HPV18 in this method vs. HPV16 or HPV31 in most studies), the PHK stock and infection conditions, the very high copy number of episomal genomes, or the particle-to-infectivity ratio need to be examined in side-by-side comparisons. Whether this method will be generalizable to other HPV types also remains to be seen. Interestingly, although infection of PHKs was efficient, the full life cycle could only be recapitulated with high multiplicity infection. This new system for propagating HPVs is providing novel insights into the HPV life cycle (Fig. 1 ).
Viral replication in G2 or pseudo-S phase
The papillomaviruses do not encode the enzymatic machinery needed for their replication; instead, the E7 protein induces entry into S phase of normally quiescent suprabasal cells (Munger et al. 2001) . Viral genomes in which E7 was mutated failed to induce cellular proliferation and did not undergo viral genome amplification (Thomas et al. 1999; Flores et al. 2000) . E7 causes cells throughout the epithelial layer to undergo unscheduled DNA synthesis as measured by markers such as PCNA, MCMs, cyclin A, and uptake of BrdU. While it is reasonable to imagine that this would provide a suitable milieu for concurrent viral DNA replication, previous studies had demonstrated a separation between cellular and viral replication compartments (Middleton et al. 2003; Nakahara et al. 2005) . Wang et al. (2009) provide clear evidence to support this idea. Whereas PCNA and cyclin A expression labeled HPV18-containing cells at all layers of the epithelium, a probe to detect amplified HPV18 DNA was restricted to the more peripheral layers of the epithelium (Figs. 3D and 5D in Wang et al. 2009 ). Moreover, replication of host and viral DNA was temporally separable. Examining cultures at different days postrafting showed that induction of cellular DNA synthesis was rapid and was diminishing by day 12, whereas almost no viral DNA amplification could be detected until day 12 and persisted abundantly at day 14, a time at which cellular replication could only be seen in scattered basal cells (Fig. 4 in Wang et al. 2009 ). The evidence that viral DNA replication initiates in G2-arrested cells comes from detecting cytoplasmic cyclin B in mid-level epithelial cells colocalizing with a viral DNA probe (Fig. 5E in Wang et al. 2009 ).
The strategy of arresting cells in G2 is widely used by diverse families of viruses: DNA, RNA, and retroviruses; the mechanisms used and the potential benefit to the viruses are equally diverse and not well understood (Davy and Doorbar 2007) . The HPV E4 proteins have been shown to arrest cells in G2. In the case of HPV16 E4, the proposed mechanism is that disruption of cytokeratin networks by E4 traps active cyclin B/cdc2 complexes in the cytoplasm (Davy et al. 2005 ). This mechanism may not be conserved among all HPV types, as HPV1 E4 has been proposed to arrest cells in G2 by maintaining the inactivating phosphorylation on cdc2 (Knight et al. 2006 ). Furthermore, a mutation that disrupted HPV11 E4 did not affect viral replication (Fang et al. 2006) . Additionally, the E2 protein has been proposed to abrogate the mitotic Figure 1 . Organotypic culture of human papillomavirus. PHKs are either transfected with plasmids that recombine in vivo to give circularized HPV18, or the PHKs are infected with HPV18 virions produced from organotypic cultures of HPV18-transfected PHKs. The PHKs are placed on a collagen-fibroblast matrix, lifted (''rafted'') when confluent and grown for 10-14 d. E7 induces the subrabasal cells to remain in cycle and cellular DNA replication occurs; the HPV genome remains a low-copy episome. When cellular DNA synthesis is complete, there is a brief pseudo-S-like or G2-like phase, in which viral DNA replication occurs. The high levels of E2 repress E6/E7 transcription, turning off the markers of S phase, re-expressing p130, and allowing late gene transcription, capsid assembly, and the final stages of epithelial differentiation. checkpoint, increasing both viral and cellular replication (Frattini et al. 1997) . In fact, a viral mechanism to arrest in G2 may not be essential; instead, the cells may simply finish cellular replication, remain permissive for viral replication, and then differentiate. Which of these mechanisms is biologically relevant remains to be seen.
There is evidence that several DNA viruses establish a pseudo-S-phase state through the continued induction of S-phase genes by expression of SV40 T antigen, adenovirus E1a or HPV E6/E7, in cells arrested in G2. While this is likely true for HPV, it is not entirely clear. On one hand, some colocalization of amplified HPV18 DNA and PCNA was observed (Fig. 3D in Wang et al. 2009 ). Wang et al. (2009) also suggest that E7 expression is extinguished in the cells with amplified HPV DNA. Because good antibodies for immunostaining of E7 do not exist, E7 expression was assessed indirectly by examining p130 expression, which is normally targeted for degradation by E7 (Helt and Galloway 2003; Zhang et al. 2006) . Wang et al. (2009) observed colocalization of p130 and HPV18 DNA in the upper layers of the epithelium (Fig. 5H in Wang et al. 2009) . A plausible explanation is that the day 12 rafts represent a snapshot in which viral DNA replication has been completed, whereas at the initiation of viral DNA synthesis, cells are both arrested in G2 and maintain a replicative environment with continued expression of the biosynthetic and enzymatic machinery required for DNA synthesis. Replication of the viral genome likely occurs in a very short window in a pseudo-S phase or G2-like phase, with the rapid decline of cyclin A, PCNA, and MCMs. The increased expression of E2 may lead to the observed shut-off of E7, which along with differentiation contributes to the re-expression of p130. Maintaining an environment that is permissive for DNA synthesis at a time in which the host cell genome has completed its replication would be a favorable situation for the viral genome to compete.
The role of E6 in the HPV life cycle
As mentioned above, many DNA viruses induce entry into S phase by deregulating the E2F repressive functions of the Rb family of pocket proteins. As a consequence, p53 is stabilized through the induction of ARF, which inhibits p53 degradation by Mdm-2. Elevated levels of p53 can lead to apoptosis or cell cycle arrest through the activation of p53 targets such as Bak or p21 CIP1 . To block these impediments to viral replication, DNA viruses commonly inactivate p53, either directly by sequestration or degradation, or indirectly by inhibiting the function of the p53 transcriptional coactivator p300. The high-risk HPV E6 proteins bind to a cellular ubiquitin ligase, E6AP, and target p53 for degradation (Howley 1996) . Mutations in HPV31 E6 that either prevented expression of the full-length E6 gene or prevented its binding to p53 were unable to stably maintain episomes (Thomas et al. 1999) .
Similarly, Wang et al. (2009) show that an HPV18 genome mutated in the E6 gene fails to amplify its genome or express capsid proteins (Fig. 6A,D in Wang et al. 2009 ). Interestingly, E7 expression throughout the epithelium is inferred by the induction of p53 and PCNA (Figs. 6D and 7 in Wang et al. 2009 ), without a concomitant induction of apoptosis as assessed by no detectable cleaved caspase-3. Thus, the investigators conclude that the function of E6 is not to counteract the putative apoptosis-inducing functions of E7. It is certainly possible that the main effects of elevated p53 are growthrepressive by inhibiting cyclin/cdk activity, as reflected in the decreased hyperplasia seen with the E6 mutant. Alternatively, other functions of E6 may be important for the virus life cycle including the activation of caspase-3, caspase-7, and caspase-9, which was shown to be necessary for genome amplification by cleaving the HPV E1 helicase (Moody et al. 2007) . Similarly, E6 has been reported to bind to numerous cellular proteins with diverse functions in epithelial polarity, transcription, and genome maintenance, and many of these interactions could affect viral replication and expression of the HPV late genes (Tungteakkhun and Duerksen-Hughes 2008) . Studies with mutations in E6 that abrogate p53 binding or more mechanistic studies to implicate p53 in late gene transcription will be necessary. The fact that mutations in the E6 protein often disrupt binding to multiple partners complicates the ability to identify the critical functions associated with a particular function.
Permissive versus abortive infection
Infection of PHKs seems to be efficient at low multiplicity as judged by detection of spliced E1^E4 RNA, hyperplasia, and induction of PCNA in nearly every cell. Surprisingly, although some HPV DNA amplification was observed at low MOI, only high multiplicity infection, MOI of 800, resulted in robust viral DNA replication and, importantly, expression of the capsid proteins. How high-level DNA amplification is related to the induction of late gene expression is unknown. A trivial explanation is the issue of detection. If immunostaining for L1 is not as sensitive as DNA-fluorescence in situ hybridization to detect viral DNA, then low levels of viral replication may lead to low levels of L1 expression and virion assembly.
Is the observation that low-multiplicity infection fails to result in a productive HPV life cycle a consequence of the methods used to produce and passage virions in culture, or is there a biological counterpart in infection of humans? Studies on the natural history of genital HPVs have shown that the prevalence of HPV infections is very high, even in women with low numbers of sexual partners (Ho et al. 1998; Winer et al. 2003) . This suggests that transmission rates are likely to be high, although it has been difficult to accurately assign a number, and implies that most infections result in virion production. However, is it possible that low levels of virus might cause abortive infections? And what is the fate of cells that become infected nonproductively? Can the genomes persist latently in basal cells, or become integrated into cellular DNA resulting in the high-level expression of the E6 and E7 oncogenes found in cancers? The fact that seroconversion for HPV L1 antibodies is not detected in everyone in whom HPV DNA can be found (Carter et al. 2000) may reflect that some HPV infections do not result in capsid gene expression.
Unfortunately, organotypic culture of HPV-infected cells cannot provide answers about long-term viral persistence and latency. However, the new method presented by Wang et al. (2009) offers an efficient means to generate high titers of virions and expands the possibilities to probe the molecular and genetic details of the papillomavirus life cycle.
